Tumor tissue from seven human gliomas was maintained in long-term agar overlay culture as multicellular organotypic spheroids. Light microscopic and ultrastructural observation of the spheroids displayed morphological features similar to those of the original tumor tissue in vivo; in this respect they were different from spheroids obtained from permanent cell lines. The spheroids contained preserved vessels, connective tissue, and macrophages, revealing a close resemblance to the conditions in the original tumor.
S
PHEROIDS of tumor cells are most often obtained from established cell lines.l'9'29 The formation of such spheroids usually implies an initial aggregation of cells which then grow into larger three-dimensional structures. These provide an experimental model of intermediate complexity between standard two-dimensional culture systems and in vivo tumors. 28 Cells from human brain tumors have the ability to form multicellular spheroids after an initial enzymatic dissociation of the tumor tissue.~~ Spheroid formation has also been performed in short-term culture of biopsies from brain tumors in children. 18 The present study shows that surgically removed tissue specimens from human gliomas easily form tumor spheroids in agar overlay culture. Their morphological features and the individual growth of different spheroids have been studied, from the same patient as well as from different patients. The findings were correlated with the histology of the original brain tumor specimens. The current neurosurgical practice of obtaining tissue from intracranial tumors by stereotactic biopsy gives clinical significance to the technique presented. We have initiated a study to correlate the invasion characteristics of minute samples from stereotactic biopsies to radiological changes and the clinical course in glioma patients. The technique may have implications for a better understanding of the prognosis in the different glioma patients.
Materials and Methods

Tumor Tissue
Tumor fragments 0.5 cm or smaller in size were obtained at surgery from five patients with glioblastoma multiforme (Mg I to Mg V) and from two with astrocytoma (As I and As II). The specimens were taken in tumor areas corresponding to regions with contrast enhancement on preoperative computerized tomography scans (Table 1) .~6"~7 Sharp dissection of the sample from its environment was used to obtain the biopsy 
Cell Culture
Specimens selected for three-dimensional culture were cut with scalpels into 0.3 to 0.5-mm pieces and incubated in 80-sq cm tissue culture flasks. The flasks were base-coated with 10 ml of 0.75% agar* in MEM (MEM-agar). The volume of the overlay suspension was 12 ml. The MEM was changed every week. The spheroids were cultured for up to 70 days, and kept in a standard tissue culture incubator (100% relative humidity, 95% air and 5% CO2), and studied daily with phase-contrast microscopy. Light microscopic, ultrastructural, and flow cytometric investigations were performed routinely after 3 and 10 weeks of culture. The Mg I spheroids were kept for up to 120 days in culture. At that time, they were fixed for light microscopy and transmission electron microscopy (TEM).
Spheroid Growth
Under visual control and with a dissecting microscope, single spheroids (150 to 350 um in diameter) were transferred with a sterile Pasteur pipette from the culture flasks into 16-mm multiwell dishes. The wells were base-coated with 0.5 ml of MEM-agar. The volume of the overlay suspension was 0.8 ml. To determine spheroid size, individual spheroids were then selected after 5 days and seeded into the wells. The size of the spheroids was estimated during a period of 20 days, using an inverted microscope with a calibrated reticle in the eyepiece. The average diameter of the spheroids was recorded as measured by two diameters. For the Mg IV spheroids, size measurements were also performed between 60 and 80 days of cultiare.
Light and Transmission Electron Microscopy
After 3 and 10 weeks of culture, three spheroids from each tumor were collected for light microscopy and TEM study. They were fixed for 3 hours in 2% glutaraldehyde in 0.1 M sucrose-adjusted cacodylate buffer (pH 7.4; mean + standard deviation 300 _+ 10 mOsmol). Postfixation was performed for 1 hour in 1% OsO4 using the same buffer. The specimens were dehydrated with ethanol in concentrations increasing to 100%. Embedding in Epon 812 was performed by using graded additions of Epon-propylenoxide mixtures. The final polymerization was carried out at 60~ for 3 days. Semithin (1.5-urn) sections were cut on a pyramitome? and stained with toluidine blue. The light microscopic observations of three spheroids from each tumor were compared to the routine histological findings of corresponding operative specimens obtained from the same operation, fixed in 4% formaldehyde solution (pH 7.4), embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H & E).
Scanning Electron Microscopy
At least four spheroids from each tumor were prepared for scanning electron microscopy (SEM) study after 3 weeks of culture. The fixation and dehydration procedure was similar to that for TEM. The specimens were critical-point dried with CO2 according to the technique described by Anderson. 2 They were then carefully mounted on stubs using tape and silver-conducting paint. The specimens were coated with gold in a vacuum evaporator and examined by SEM.:~ Micrographs were obtained on Kodak Tri-X-pan professional film.
Immunofluorescence
Six 25-day-old Mg V spheroids with an average diameter of 390 + 36 um were incubated for 1 hour in medium-agar wells containing 10 uM bromodeoxyuridine (BUdR) and 10 uM deoxycytidine. The spheroids were washed in phosphate-buffered saline (PBS) and fixed for 12 hours in 70% ethanol. The ethanol-fixed spheroids were then frozen in Tissue-Tekw using isopentane cooled with liquid N2. Cryostat sections (7 ~m) were cut using a Leitz microtome, and the sections were collected on glass slides coated with poly-L-lysine ~3 before immunostaining.
The slides were incubated for 45 minutes in 2 N HC1 and then neutralized for 5 minutes in 0.1 M NazB4OT, pH 8.5. They were then washed three times for 5 minutes each in PBS before immunostaining. The tissue sections were incubated in a humidity chamber for 1 hour with a 1:20 dilution of purified anti-BUdR monoclonal antibody in PBS containing 1% bovine serum albumin and 0.5% Tween 20. The slides were then rinsed three times for 5 minutes each in PBS and covered with a 1:20 dilution of fluorescein isothiocyanate-conjugated rabbit anti-mouse immunoglobulin G and left for 1 hour at room temperature in a humidity chamber. Thereafter, the slides were rinsed three more times for 5 minutes each in PBS and examined under the fluorescence microscope. The immunopositive nuclei in the sections were counted. Alternating cryostat sections were also stained with hematoxylin and eosin and the number of nuclei in one section was calculated. From t Pyramitome manufactured by LKB, Bromma, Sweden. E5000 SEM coating unit manufactured by Polaron Inc., Watford, England; Philips SEM 500 microscope manufactured by Philips, Eindhoven, The Netherlands.
w Tissue-Tek supplied by Miles Laboratories, Inc., Kankakee, Illinois. this basis, the labeling index of the Mg V spheroids was determined.
Celhdar Shedding
Forty-five Mg V spheroids with an average diameter of 415 +_ 43 um were added to agar-coated 16-ram multiwell dishes. Five spheroids were placed in each well. The volume of the overlay suspension was 1.0 ml. The overlay suspension (including the spheroids) was transferred to test tubes after 24, 48, or 72 hours of culture. The amount of cells shed during these time periods was determined using a Coulter counter. [I Three wells were counted for each time point and the mean cell number was determined. From these data, the rate of shedding from each spheroid (single cells/ml/hr) was calculated.
Flow Cytometry
The brain-tumor specimens were minced with scalpels, fixed in ice-cold 96% ethanol, and stored at 4~ until use. The samples were then incubated for 15 minutes in 0.5% crude pepsin at 37~ The isolated nuclei were washed once in 0.9% NaCI, and incubated for 5 minutes with ribonuclease (1 mg/ml) in 0.9% NaC1. Staining of deoxyribonucleic acid (DNA) was obtained with a mixture of ethidium bromide and mithramycin, as described elsewhere. 6 During the first 3 weeks of culture, spheroids were fixed and prepared as described above. The cellular DNA content was measured with both a Phywe ICP-22 pulse cytophotometer and a Coulter Epics V system.* By analysis of the area against the peak signal and gated analysis, doublets were discriminated; thus, only the DNA content of the single-cell population was measured. Normal peripheral blood lymphocytes were used as a standard diploid (2c) reference. The cell cycle distribution was obtained by a planimetric method? Flow cytometry was also performed on the Mg IV spheroids after 12 and 70 days in culture.
Data Analysis
Significance of changes in spheroid size (5 to 25 days) were determined by the Student t-test on paired observations.
Results
Spheroid Formation
Of 21 gliomas studied, 17 formed spheroids, usually after 3 to 5 days in culture. The fraction of fragments that formed spheroids varied from 36% to 78% for the tumors studied ( Table 1 days in culture were used for further study. Phasecontrast microscopy revealed that cells could shed from the original tissue fragments. These cells also formed small spheroids, although they were considerably smaller (< 50 um in diameter) than those from the fragments proper.
Spheroid Growth
The spheroids from the four glioblastomas revealed a different growth potential. The Mg I spheroids had a significant increase in size (p < 0.002) during the first 25 days (Fig. 1A) . Spheroids from Mg II, Mg III, and Mg V decreased in size during the same time period (p < 0.001; Fig. 1B, C, and F) , while the Mg IV spheroids showed no change in size (Fig. 1D) . The mean size of the Mg IV spheroids was still stable even after 60 and 80 days (Fig. 1E) . Differences in growth potential were also observed in the two astrocytomas. The spheroids from As 1 showed no change in size (Fig. 1G) , while the As II spheroids showed a significant increase in size (p < 0.001) from Day 5 to Day 25 (Fig. 1H) .
Light Microscopy
Spheroids obtained from the same biopsy had similar morphological features on photomicrographs. However, substantial morphological variation was observed between spheroids from different tumors (Fig. 2) . After 3 weeks of culture, morphologically intact ceils with scattered mitotic figures were found in the spheroids. The Mg I spheroids were densely packed with atypical and morphologically viable cells for the whole culture period ( Fig. 2A) . In other spheroids, a varying degree of cell degeneration was seen, including single-cell death and areas of hyalinization. The three spheroids from one of the tumors (Mg II) showed patchy hyalinization in about half of the spheroid (Fig. 2B) . The morphology of Mg III spheroids was heterogeneous with signs of cell degeneration and cell proliferation as indicated by pyknotic cells and mitotic figures (Fig. 2C) . The Mg IV spheroids were mainly composed of gemistocytes reflecting the abundance of such cells in the original tumor tissue (Fig. 2D) . The Mg V spheroids consisted of fusiform atypical cells with many gemistocytic astrocytes. Some vacuolization and scattered degenerated cells were observed (Fig. 2E) .
The As I spheroids were characterized by densely packed glial cells in a preserved astrocytoma pattern for the whole culture period. Vascular elements were observed as well (Fig. 2F) . The As II spheroids consisted of atypical astrocytes and some giant glial cells with preservation of the pattern of the original tumor tissue. Some areas of cell degeneration were observed (Fig.  2G) . Scattered capillaries and macrophages were seen in all the spheroids investigated.
After 10 weeks in culture, the cell density in the Mg II, Mg III, and As II spheroids had increased. However, the morphology of each tumor explant remained similar to the morphology of the original tumor tissue. For R. Bjerkvig, et al. the Mg I, Mg IV, Mg V, and As I spheroids no change in morphology was observed as compared to spheroids which had been cultured for 3 weeks. Of a total of 21 spheroids examined light microscopically, nine showed areas of slight degeneration (spheroids from Mg III, Mg V, and As II). Two spheroids from Mg IV contained small areas of calcium precipitation. Otherwise these spheroids consisted of many large atypical cells and gemistocytes as seen in the original tumor. After 120 days, tumor spheroids from Mg I presented the same morphology as after 3 and 10 weeks, without signs of degeneration. The in vivo and in vitro characteristics of each tumor are summarized in Table 1 (see also Figs. 2 and 3).
Transmission Electron Microscopy
As a rule, atypical cells were observed in all spheroids with varying ultrastructural characteristics. A considerable pleomorphism in cell shape as well as in the nuclear configuration was observed even after 70 days in culture (Fig. 4) . In the glioblastoma spheroids, several cells exhibited increased granular endoplasmatic reticulum. The nuclear chromatin was unevenly distributed and had a tendency to clump adjacent to the nuclear envelope, indicating an astrocytic origin. Some of these cells had several nucleoli. Bundles of 80 to 90-,~ filaments were seen in the cytoplasm of several of the neoplastic cells. This variability might reflect the cellular heterogeneity typically present in gliomas and was most evident in spheroids from the four glioblastomas.
Some of the ultrastructural features observed in the glioblastomas were also present in the two astrocytomas. Cells with microfilaments in the cytoplasm were in general more abundant in the two astrocytomas than in the glioblastomas, however, in the Mg IV spheroids, cells of the gemistocytic type were also rich in cytoplasmic microfilaments (Fig. 5) . In all of the spheroids, fibroblasts were present around vascular elements and striated collagen fibers were observed in association with the fibroblasts (Fig. 6) .
Scanning Electron Microscopy
The surface architecture of the spheroids from the same tumor was fairly uniform. However, when spheroids from different tumors were compared, pronounced variations in surface structures could be seen (Fig. 7) .
On the surface of the Mg I spheroids, several neoplastic glia-like cells were observed, with their cell processes forming a network on the spheroid surface (Fig.  7A) . The Mg II spheroids were covered with epitheliallike cells. In two instances, capillaries were associated with the spheroid surface (Fig. 7B) . In contrast, the Mg III spheroids had a great deal of cell debris on the surface. Among this debris, viable tumor cells and red blood cells were seen (Figs. 7C and 8 ). The Mg IV, As I, and As II spheroids had a fairly even surface architecture (Fig. 7D to F) . On the As I spheroids, clumps of cell debris were randomly scattered on the surface ( 
FIG. 2 (continued---~)
468 7E). On the other hand, the surface cells of the As II spheroids showed no signs o f degeneration. Several cells on the spheroid surface displayed n u m e r o u s ruffles associated with the cell m e m b r a n e (Fig. 7F) .
lmmunofluorescence
In situ i n c o r p o r a t i o n o f B U d R into Mg V spheroids indicated a substantial a m o u n t o f labeled DNA-synthesizing cells in the spheroids (Fig. 9) . The labeled cells were evenly distributed in the spheroids. The labeling index in the spheroids was 9.2% ___ 2.5%.
Cell Shedding
The a m o u n t of cells shed from the spheroids seemed to be constant during the t i m e periods studied (Fig. 10) . 
Flow Cytometry
The D N A profiles d e t e r m i n e d by flow cytometry showed that all the t u m o r s except one (As I) were diploid. After 3 weeks o f spheroid culture, no change in ploidy was observed. F o r the diploid tumors, the percentages of cells in the Gl, S, and G2M phases were calculated. The fractions o f proliferating cells (S and G2M) in the spheroids were a p p r o x i m a t e l y the same as observed for the t u m o r s in vivo ( Table 2) . The D N A profile of Mg IV spheroids m e a s u r e d after 70 days in culture was identical to that o f the original t u m o r biopsy material (Fig. 11) .
Discussion
T u m o r tissue fragments with the cell-to-cell relations intact may be grown in organ culture, where the speci- human primary brain tumors can be propagated directly as multicellular "organotypic" spheroids. The simple liquid overlay culture method, which is well known in spheroid research, can also be used for "organotypic" glioma culture.
A limitation in previous studies has been that the spheroids were mainly obtained from permanent cell studies less conclusive, where the aim has been to study tissue specific parameters. ~9' 23 Most tumor spheroids obtained from permanent brain tumor cell lines grow rapidly in culture. 9 In contrast, the growth rate of the spheroids in the present study was not pronounced. Many did not even grow at all, or decreased in size over time. The flow cytometric studies of the Mg III spheroids, for instance, which decreased in size, disclosed a substantial amount of Sand GzM-phase cells. This suggests that a high cell loss and/or active shedding of cells in ~,n,' spheroids is partly compensated by active cell proliferation. The presence of BUdR labeled cells in the Mg V spheroids also supports this view.
Immunofluorescence of BUdR gave a 9.2% labeling index which was slightly lower than the 13.3% S-phase estimate obtained by flow cytometry. Discrepancies between labeling index measurements and flow cytomerry S-phase estimates have also been described by others, 7 and might be due to a variability in cell-cycle parameters. To determine accurately the amount of proliferating cells in the spheroids is therefore difficult.
The presence of hyaline material and occasionally calcium deposits is most probably due to such occurrence in the original tumor. When some spheroids showed increased cellularity, several weeks later a replacement of the necrotic or hyaline areas was observed. This casts some doubt on the value of diameter measurements alone as a wholly reliable criterion for spheroid growth or cell loss.
An advantage of explanting solid tumor tissue in fragments is that cell and tissue components, which run the risk of disappearing in monolayer, have a chance to survive for prolonged periods in organotypic culture. Thus, we observed the presence of capillaries and macrophages and even areas of connective tissue throughout the culture period of 70 days. In this study, long-term agar overlay culture of glioma spheroids offers a unique (Fig. 11) .
At present, several organ culture systems are available which support growth of both normal and neoplastic tissue. ~2'15'25 We have recently described an in vitro invasion system where rat glioma cells were confronted with fetal rat brain tissue. 8,26 The system described here provides the basis for further studies on brain-tumor invasion, using human biopsy material. Furthermore, such a system should be evaluated for the possibility of establishing continuous cultures.
The presence in the spheroids of preserved vessels, connective tissue, and macrophages indicates a close histological resemblance between the spheroids and the in vivo conditions. This study therefore implies that human brain-tumor biopsies, propagated as spheroids in long-term agar overlay culture, provide a simple system for studying the original biological characteristics of primary brain tumors. This is the first original report from a project which also includes confrontation studies in vitro, between the "microtumors" obtained by the technique described in this paper and normal brain-cell aggregates, derived from fetal rat brain. 4 The invasion process is thus studied, and the aim is to correlate the individual invasion parameters (as seen in this in vitro system) to the clinical course of the patient. In the future, the classification of primary brain tumors will, with the use of the techniques presented, be possible not only on the basis of morphology, but also on biological criteria, such as the degree of invasiveness. This may have implications for a better understanding of the prognosis in the individual glioma patient.
